We describe here a novel proteoliposome reconstitution system for functional analysis of plant membrane transporters that is based on a modified wheat germ cellfree translation system. We established optimized conditions for the reconstitution system with Arabidopsis thaliana phosphoenolpyruvate/phosphate translocator 1 (AtPPT1) as a model transporter. A high activity of AtPPT1 was achieved by synthesis of the protein in the presence of both a detergent such as Brij35 and liposomes. We also determined the substrate specificities of three putative rice PPT homologs with this system. The cell-free proteoliposome reconstitution system provides a valuable tool for functional analysis of transporter proteins.
The genomes of land plants encode many membrane proteins, a substantial proportion of which function as solute transporters (Arabidopsis Genome Initiative 2000) . However, only a relatively small number of plant membrane proteins have been functionally characterized to date, mostly because of the experimental difficulties associated with their biochemical analysis.
The reconstituted proteoliposome system is one of the most useful systems for the study of membrane protein function, especially for the functional analysis of solute transporters (Kasahara and Hinkle 1976 , Flu¨gge et al. 1991 , Flu¨gge and Weber 1994 . In this system, purified or recombinant proteins are reconstituted into artificial liposomes, and the resultant proteoliposomes are subjected to analysis. However, overexpression of membrane proteins often interferes with the growth of host cells, with the result that it is often difficult to obtain sufficient amounts of recombinant membrane proteins for functional analysis. This limitation of overexpression of membrane proteins in cellular systems does not apply to cell-free protein synthesis systems (Katzen et al. 2005) , and such systems have recently been applied to analysis of membrane proteins in combination with the proteoliposome reconstitution system (Elbaz et al. 2004 , Klammt et al. 2006 . Successful examples of functional analysis of membrane proteins synthesized in a cell-free system are at present rare, however, probably because it remains difficult to synthesize membrane proteins in a functional form with such systems. We now describe an improved method for the production of membrane transporters in a modified wheat germ cell-free translation system, and we demonstrate the functional reconstitution of the in vitro-synthesized proteins into liposomes.
We chose phosphoenolpyruvate (PEP)/phosphate translocator 1 of Arabidopsis thaliana (AtPPT1), which localizes to the inner membrane of chloroplasts (Fischer et al. 1997 ), as a model membrane protein for the establishment of a functional reconstitution assay. AtPPT1 is a relatively small protein (30 kDa) whose activity can be measured by monitoring the incorporation of 32 P-labeled P i into proteoliposomes Weber 1994, Fischer et al. 1997 ). We constructed a vector encoding the mature form of AtPPT1 (Streatfield et al. 1999) for in vitro transcription, and the transcripts derived therefrom were subjected to cell-free translation for the production of AtPPT1 protein. Given that AtPPT1 synthesized by the conventional wheat germ cell-free system (Sawasaki et al. 2002a ) formed an insoluble precipitate that was not amenable to functional analysis, we undertook optimization of the cell-free reaction mixture to allow the synthesis of a soluble form of AtPPT1. On the basis of the previous observation that membrane proteins could be synthesized in a soluble form by the addition of detergents to a bacterial cell-free system (Ishihara et al. 2005 , Klammt et al. 2005 , we screened various detergents (at various concentrations) as potential supplements to the wheat germ cell-free translation mixture for improvement of the solubility of AtPPT1 (Fig. 1) . Several of the 16 detergents tested increased the solubility of AtPPT1 in the cell-free reaction mixture, with Brij35, Brij58, Brij78, Brij98, Brij97 and digitonin being among the most effective. From these latter detergents, we selected Brij35 for further analysis.
Although AtPPT1 is a PEP/phosphate translocator, all PPT proteins characterized to date exhibit the highest transport activity with P i as a countersubstrate for external P i (Fischer et al. 1997 , Knappe et al. 2003 . Uptake of [ 32 P]P i into proteoliposomes containing P i as an internal countersubstrate was thus measured to assess the transport activity of in vitro-synthesized AtPPT1. The mature form of AtPPT1 was synthesized in the cell-free system in the presence of Brij35. After buffer exchange, the synthesized proteins were reconstituted into proteoliposomes and the phosphate/phosphate transport activity of reconstituted AtPPT1 was determined. The activity of AtPPT1 was 17.4 AE 1.5 nmol mg -1 protein min -1
, which was not markedly greater than the background activity (5.9 AE 1.2 nmol mg -1 protein min Fig. 1 Effects of detergents on solubility and production efficiency of AtPPT1 synthesized in a wheat germ cell-free system. (A) AtPPT1 was synthesized by the bilayer method with a cell-free system in the presence of [ 14 C]leucine and the indicated detergents, and the total amounts of protein in the reaction mixture (filled bars) and in the soluble fraction obtained by centrifugation for 20,000 g for 15 min at 48C (open bars) were determined by measurement of [ 14 C]leucine incorporation. The final (optimal) concentrations of the detergents were as follows: Triton X-100, 0.5%; Nonidet P-40 (NP-40), 0.5%; 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.5%; cholic acid, 0.5%; Tween-20, 0.5%; Tween-40, 4%; Tween-60, 2%; Tween-80, 3%; Brij35, 0.04%; Brij58, 0.04%; Brij78, 0.04%; Brij98, 0.04%; Brij97, 0.05%; digitonin, 0.3%; n-dodecyl-b-D-maltoside (DDM), 0.08%; n-octyl-b-D-glucopyranoside (OG), 0.5%. (B) Total (T) and soluble (S) fractions of the cell-free reaction mixtures in A were also subjected to SDS-PAGE and autoradiography.
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14 C-Labeled AtPPT1 (30 kDa) is indicated by the arrowheads.
of transporter function with this system. We hypothesized that Brij35 might negatively affect the reconstitution process as a result of its tight association with synthesized proteins. We therefore attempted cell-free protein synthesis in the presence of both liposomes and Brij35 to improve the reconstitution efficiency. In this approach, AtPPT1 was synthesized in the cell-free system supplemented with Brij35 (final concentration, 0.04%) and various amounts of liposome suspension (final concentrations of 0, 0.1, 0.5, 1, 5, 10 or 50 mg ml -1 ) prepared from asolectin. AtPPT1 synthesized under these conditions exhibited a greatly increased transport activity that was dependent on liposome concentration (Fig. 2) . The transport activity of AtPPT1 synthesized in the presence of liposomes at a concentration of 10 mg ml -1 was thus $140 times that for the protein synthesized in the absence of liposomes; the background activity for GFP synthesized in the presence of liposomes did not differ substantially from that of GFP synthesized in their absence. These results indicated that the addition of liposomes to the cell-free system increased the yield of functional AtPPT1 produced in the presence of detergent.
AtPPT1 probably integrates into the liposomes during translation, thereby increasing the efficiency with which the functional protein localizes to the liposome surface. We therefore next examined whether synthesized proteins are indeed integrated into liposomes during translation. Proteins synthesized by the cell-free system in the presence of [ 14 C]leucine and in the absence or presence of liposomes were separated by discontinuous sucrose density gradient centrifugation. Fractions were collected from the top of the tubes and the amount of 14 C radioactivity precipitated with trichloroacetic acid was measured by liquid scintillation spectroscopy to estimate the protein content (Fig. 3) . Most of the liposomes were detected in fraction 7, corresponding to a yellow-colored layer (data not shown). Most of the GFP synthesized in the absence or presence of liposomes and most of the AtPPT1 synthesized in the absence of liposomes were present in fractions 1 and 2, corresponding to the top of the gradient. In contrast, the peak of AtPPT1 synthesized in the presence of liposomes was shifted to fraction 7, corresponding to the liposome peak. These results indicated that AtPPT1, but not GFP, was integrated into liposomes during translation in cell-free wheat embryo extracts. This co-translational integration appears to support correct folding of AtPPT1, yielding the protein in a functional state. To validate this new system further, we isolated cDNAs encoding three putative PPT orthologs (based on sequence data) of rice (Toyota et al. 2006) as well as the triose phosphate/phosphate translocator (AtTPT) of Arabidopsis (Knappe et al. 2003) . We predicted the cleavage sites of N-terminal signal peptides to be between residues 84 and 85 for OsPPT1, residues 83 and 84 for OsPPT2, and residues 70 and 71 for OsPPT3, and we constructed plasmids for synthesis of the mature form of each protein on the basis of these predictions. The proteins produced with the modified cell-free system containing both Brij35 (final concentration, 0.04%) and liposomes (final concentration, 10 mg ml -1 ) were analyzed for their substrate specificities by pre-loading the liposomes with various phosphorylated metabolites as exchangeable countersubstrates (Table 1) . Both P i and PEP were accepted as countersubstrates by AtPPT1, OsPPT1, OsPPT2 and OsPPT3. A lower level of [ 32 P]P i uptake into liposomes was also apparent for those pre-loaded with dihydroxyacetone phosphate (DHAP), whereas glucose 6-phosphate was barely transported by any of the PPT proteins. As expected, AtTPT transported only the triose phosphate DHAP and P i in exchange for P i , with PEP and glucose 6-phosphate being poor countersubstrates.
The biochemical characteristics of plant membrane proteins have often been analyzed with the use of proteoliposomes reconstituted with recombinant proteins purified from yeast cells. With this method, the phosphate/ phosphate transport activities of cauliflower PPT and spinach TPT were measured as 1,500 and 970 nmol mg , respectively (Loddenko¨tter et al. 1993 , Fischer et al. 1997 ). In our system, the phosphate/phosphate antiport activities of AtPPT1, OsPPT1, OsPPT2, OsPPT3 and AtTPT were about 2,100, 1,300, 3,900, 2,100 and 940 nmol mg -1 protein min -1 , respectively. Furthermore, the substrate specificities of in vitro-synthesized PPT (AtPPT1, OsPPT1, OsPPT2 and OsPPT3) and AtTPT determined in the present study are similar to those of yeast-expressed cauliflower PPT (P i : PEP : DHAP : glucose 6-phosphate ¼ 100 : 72 : 22 : 2) (Kammerer et al. 1998) and spinach TPT (100 : 5 : 92 : 5) (Fischer et al. 1997 ), respectively. Although the plant species from which the translocator genes were isolated for the present study differ from those of these previous studies, the transport activities determined by both methods were almost identical. These results indicate that our method yields data similar to those obtained with the use of recombinant proteins purified from yeast cells.
In conclusion, we have developed a method for the production and proteoliposome reconstitution of plant solute transporters that is based on a wheat germ cell-free protein synthesis system. Our modified cell-free protein synthesis system represents a valuable tool for the production of transporter proteins in a functional state. Given that our cell-free system allows the synthesis of membrane proteins that may not be amenable to production in Escherichia coli or yeast, it expands the scope for functional analysis of such proteins. This method is also potentially applicable to other membrane proteins of plants or other species.
Materials and Methods
A cDNA fragment encoding the mature region of AtPPT1 was obtained by reverse transcription followed by PCR (RT-PCR) with Pyrobest DNA polymerase (TAKARA BIO INC., Shiga, Japan) and the primers AtPPT1F-mature (5 0 -CTAGACTAGT ATGGCCGCTACTGCAGTTCCTG-3 0 ) and AtPPT1R (5 0 -GTG TCGACTTAAGCAGTCTTTGGCTTTGG-3 0 ). The PCR product (containing an added start codon) was digested with SpeI and SalI and then cloned into the corresponding sites of the pEU3b vector (CellFree Sciences, Matsuyama, Japan). The resulting plasmid was designated pEU3b-AtPPT1. For analysis of the substrate specificities of AtPPT1 and AtTPT, we used Translocators and GFP were synthesized in a cell-free translation system containing Brij35 (final concentration, 0.04%) and liposomes (final concentration, 10 mg ml -1
). The synthesized proteins were reconstituted into liposome that had been loaded with 30 mM of the indicated countersubstrates. Uptake of [ 32 P]P i was measured as described in Materials and Methods. Data are means AE SD of values from three independent experiments. Numbers in parentheses are percentages of the corresponding transport activity with P i as the internal substrate.
hexahistidine-tagged proteins. cDNAs encoding the mature regions of AtPPT1 and AtTPT were obtained by RT-PCR with Pyrobest DNA polymerase and the primer pairs AtPPT1F-mature and AtPPT1R-blunt (5 0 -AGCAGTCTTTGGCTTTGGCTTAAT AC-3 0 ) for AtPPT1, and AtTPTF-mature (5 0 -ATACTAGTATG GCCGCCGCTGCTGAAGG-3 0 ) and AtTPTR-blunt (5 0 -TGCTT TCTTTCCTTGCCGTT-3 0 ) for AtTPT. The PCR products were digested with SpeI and then cloned into the SpeI-SmaI sites of the pEU3SH vector (CellFree Sciences). The resulting plasmids were designated pEU3SH-AtPPT1 and pEU3SH-AtTPT, respectively.
The cDNAs for OsPPTs were obtained by RT-PCR with total RNA previously extracted from rice (Kasai et al. 2004 ). The total RNA (1 mg) was subjected to reverse transcription with a Thermo Script RT-PCR system (Invitrogen Japan K.K., Tokyo, Japan), and the open reading frames for OsPPT1, OsPPT2 and OsPPT3 were amplified by PCR with Ex Taq polymerase (TAKARA BIO INC.) and the primer sets OsPPT1F (5 0 -CT AGACTAGTATGGCGGCGACAGCGGCGGCGGCG-3 0 ) and OsPPT1R (5 0 -GGCAGTCTTGGGCTTGGGTTTAAGCCGCT TC-3 0 ) for OsPPT1, OsPPT2F (5 0 -CTAGACTAGTATGGCGT GCGGCGCGGCGGCCGGG-3 0 ) and OsPPT2R (5 0 -CGCAGC CTTGGGCTTGGGCTTCAGTCTCTTC-3 0 ) for OsPPT2, and OsPPT3F (5 0 -CTAGACTAGTATGGCGCCGTTGCCGGCGG ACGAC-3 0 ) and OsPPT3R (5 0 -GGCATTCTTTGGTTTTGTTC TCTTCAACCTGG-3 0 ) for OsPPT3. The PCR products were cloned into the pT7-Blue vector (Promega K.K. Japan, Tokyo, Japan), and the resulting plasmids were designated pT7blue-OsPPT1, pT7blue-OsPPT2 and pT7blue-OsPPT3, respectively. The cDNA fragments corresponding to the putative mature regions of OsPPT1, OsPPT2 and OsPPT3 were obtained by PCR with pT7blue-OsPPT1, pT7blue-OsPPT2 and pT7blue-OsPPT3 as templates and the primer sets OsPPT1F-mature (5 0 -CTAG ACTAGTATGGCGGCGACAGCGGCGGCGGCG-3 0 ) and OsPPT1R-blunt (5 0 -GGCAGTCTTGGGCTTGGGTTTAAGCC GCTTC-3 0 ) for OsPPT1, OsPPT2F-mature (5 0 -CTAGACTAG TATGGCGTGCGGCGCGGCGGCCGGG-3 0 ) and OsPPT2R-blunt (5 0 -CGCAGCCTTGGGCTTGGGCTTCAGTCTCTTC-3 0 ) for OsPPT2, and OsPPT3F-mature (5 0 -CTAGACTAGTATGGC GCCGTTGCCGGCGGACGAC-3 0 ) and OsPPT3R-blunt (5 0 -GG CATTCTTTGGTTTTGTTCTCTTCAACCTGG-3 0 ) for OsPPT3. The PCR products were digested with SpeI and then cloned into the SpeI-SmaI sites of pEU3SH. The resulting plasmids were designated pEU3SH-OsPPT1, pEU3SH-OsPPT2 and pEU3SH-OsPPT3, respectively.
The nucleotide sequence of each cloned DNA fragment was confirmed by DNA sequencing with a DYEnamic ET Terminator Cycle Sequencing Premix Kit (GE Healthcare, Tokyo, Japan) and an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Tokyo, Japan).
Liposomes were prepared from acetone-washed soybean asolectin (Sigma-Aldrich, Tokyo, Japan). Asolectin (10 g) was dissolved in 30 ml of chloroform, to which was then added 180 ml of ice-cold acetone, and the suspension was stirred for 2 h at room temperature. The upper layer of the mixture was discarded and the lower layer was dried under a flow of nitrogen gas. The dried phospholipid was stored at -208C until use.
Proteins were synthesized by the bilayer method (Sawasaki et al. 2002b ) with a cell-free system (Endext Technology, CellFree Sciences). The substrate mixture (125 ml) was carefully overlaid on the reaction mixture (25 ml) and incubated at 268C for 16 h. The reaction mixture contained wheat germ extract (final concentration, 60 A 260 units; Wepro, CellFree Sciences), 7.5 ml of mRNA, 30 mM HEPES-KOH (pH 7.8), 100 mM potassium acetate, 2.7 mM magnesium acetate, 0.4 mM spermidine, 2.5 mM dithiothreitol, 1.2 mM ATP, 0.25 mM GTP, 16 mM creatine phosphate, 0.005% NaN 3 , creatine kinase (0.4 mg ml -1 ) and 0.3 mM of each amino acid. A liposome suspension was prepared from acetonewashed asolectin by sonication for 5 min at 48C in water and was adjusted to a concentration of 100 mg ml -1 . Detergent and liposomes were included in both reaction and substrate mixtures as indicated. After the in vitro translation reaction, the protein samples were desalted by gel filtration with a MicroSpin G-25 column (GE Healthcare) that had been equilibrated with 10 mM Tricine-KOH (pH 7.6). The system as described allows for three measurements of transport activity.
The amount of protein synthesized in the cell-free system was estimated from the incorporation of [ ) were prepared from acetone-washed asolectin by sonication for 5 min at 48C in a solution containing 200 mM Tricine-KOH (pH 7.6), 40 mM potassium gluconate and 60 mM countersubstrate. Desalted membrane proteins were incorporated into the liposomes by a freeze-thaw step. The mixture of membrane proteins (150 ml) and liposomes pre-loaded with the buffer containing countersubstrate (150 ml) was frozen in liquid nitrogen, thawed at room temperature and sonicated for 18 s. Countersubstrate that remained outside of the proteoliposomes was removed with a Dowex AG-1X8 column (Bio-Rad, Tokyo, Japan) that had been equilibrated with a solution containing 100 mM sodium gluconate, 40 mM potassium gluconate and 10 mM Tricine-KOH (pH 7.6). The proteoliposome mixture was applied to the column and eluted with the equilibration solution.
Transport reactions were initiated by the addition of 13 ml of [ 32 P]P i (500 mM, specific activity of 9 Ci mmol -1 ; GE Healthcare) to 300 ml of proteoliposomes. The assay was performed at 258C for various times, and the reaction was terminated by application of the reaction mixture to a Dowex AG-1X8 column that had been equilibrated with 150 mM sodium acetate. The radioactivity associated with the eluted proteoliposomes was measured with a liquid scintillation spectrometer (LSC-6100; Aloka, Tokyo, Japan).
Proteins (100 ml) synthesized in the cell-free system in the presence of Brij35 (0.04%), liposomes (10 mg ml -1 ) and [ 14 C]leucine were loaded onto discontinuous sucrose gradients consisting of 1,300 ml of 10% (w/v) and 600 ml of 30% (w/v) sucrose in a solution containing 140 mM NaCl, 5.4 mM KCl and 10 mM Tris-HCl (pH 8.0). The gradients were centrifuged at 105,000 g for 4 h at 48C in a Hitachi S55S rotor (Hitachi High-Technology, Tokyo, Japan). Fractions were collected from the top of the tubes, and the protein content of each fraction was estimated by measurement of the amount of radioactivity associated with protein precipitated by 10% trichloroacetic acid.
